Abstruct Arabidopsis thaliana is the most widely used model plant in the area of plant biosciences, and the cell line T87 is one of the most commonly used lines in Arabidopsis cell cultures. The characteristics of lignins in cultured cells often differ from those of lignins in intact plants. To date, nothing is known about the lignins of T87 cells. In this study, we characterized lignins of T87 cells using six analytical methods; phloroglucinol staining, thioacidolysis, nitrobenzene oxidation, alkaline hydrolysis, and Klason and acetyl bromide methods. These analyses clearly showed that lignins of T87 cells are composed of guaiacyl and p-hydroxyphenyl units, and are quite different from lignin found in the Arabidopsis inflorescence stem, which is composed of guaiacyl and syringyl units. 
In general, cultured plant cells are partly dedifferentiated, and secondary metabolism is often less active than in plant cells in intact plants. These characteristics are disadvantageous for studies on production of secondary metabolites in cultured cells. At the same time, however, these cells can be exploited for studies on metabolic regulation, especially upregulation. For example, a typical cultured cell system of Arabidopsis thaliana T87 cells (Axelos et al. 1992) were was used to study up-regulation of PAP1, a positive regulator of anthocyanin biosynthesis, where flavonoid biosynthesis was dramatically increased in transformed T87 cells compared with the control non-transformant cells (Daisuke Shibata et al. unpublished data) . Thus, T87 cells have proved to be a useful system for studies on metabolic control by transcription factors.
In addition, the T87 cell line has various advantages for plant science research, because it can be transformed via Agrobacterium-mediated transformation (Ogawa et al. 2008a ) and cryopreserved (Ogawa et al. 2008b) , and it is readily available from the RIKEN Bioresource Center (http://www.brc.riken.go.jp/lab/epd/Eng/news/ 090202_t87.shtml).
Because of these advantages, T87 cells have been widely used for studies in diverse areas of plant science, including signal transduction and network analyses of gene expression (Sano et al. 2008) , metabolomics (Kai et al. 2009 ), circadian rhythm (Nakamichi et al. 2003 (Nakamichi et al. , 2004 , and so on. Thus, it is feasible that T87 cells could be used to study mechanisms of cell wall formation, including lignification. However, the characteristics of lignins in cultured cells can differ from those of lignins in intact plants (Fukuda et al. 1988; Sarkanen and Hergert 1971) . To date, nothing is known about the lignins of T87 cells, despite the fact that these cells are used extensively in studies on plant phenylpropanoid metabolism.
In this study, we characterized lignins in T87 cells using six lignin analytical methods, phloroglucinolhydrochloric acid staining, thioacidolysis, nitrobenzene oxidation, alkaline hydrolysis, and Klason and acetyl bromide methods. These analyses clearly showed that lignins of T87 cells are composed of guaiacyl (4-hydroxy-3-methoxyphenyl) and p-hydroxyphenyl units. This differs from the lignins in inflorescence stems of Arabidopsis, which are composed of guaiacyl and syringyl (3,5-dimethoxy-4-hydroxyphenyl) units.
Materials and methods

T87 cells and plant materials
T87 suspension-cultured cells were cultivated in 200 ml mJPL3 liquid medium according to Ogawa et al. (2008b) and harvested at 1-21 days after subculturing. The harvested T87 suspensioncultured cells were collected onto filter paper (Advantec Co., Ltd.) in a Buchner funnel. After removal of the medium, the collected cells were washed with 50 ml MilliQ water, dewatered by suction filtration for 30 s, weighed, and then stored in liquid nitrogen until use. In addition, T87 cells were maintained on mJPL3 agar medium and subcultured every 14 days. A. thaliana Columbia plants were cultivated under a 16-h light/8-h dark regime as reported previously (Nakatsubo et al. 2008a (Nakatsubo et al. , 2008b .
Sample preparation for lignin analyses
Harvested T87 suspension-cultured cells and A. thaliana inflorescence stems (60 days old, 30 cm in height) were individually freeze-dried, powdered with a pestle and mortar, and extracted with 95% methanol at 60°C until the color of the powdered cells changed from green to pale yellow. Then, the powders were further extracted successively with hexane and distilled water and freeze dried. Hereafter, these samples are referred to as extracts-free powders in this paper. Then, the extracts-free powders were dried in an oven at 60°C to constant weight. The lignins in the dried extract-free powders were then analyzed by thioacidolysis, nitrobenzene oxidation, alkaline hydrolysis, and Klason and acetyl bromide methods. (Sakakibara et al. 2007 ). All other reagents were obtained from Nacalai Tesque Co., Ltd. or Wako Pure Chemicals Co., Ltd., unless otherwise noted.
Chemicals
Instrumentation
Cells were observed under an Olympus BX51 microscope (Olympus Co., Ltd), and images were obtained using a digital camera (Olympus DP71, Olympus Co., Ltd.) connected to the microscope.
GC-MS was performed using a Shimadzu QP-5050A GC-MS system (Shimadzu Co., Ltd.). The GC-MS conditions were as follows: Shimadzu Hicap CBP10-M25-0.25 column (25 mϫ 0.22 mm); carrier gas, helium; injection temperature, 230°C; oven temperature, 40°C at tϭ0 to 2 min, then to 230°C at 40°C min
Ϫ1
; ionization, electron-impact mode (70 eV). Absorbance was measured with a UV-1600PC UV-visible spectrophotometer (Shimadzu Co., Ltd.).
Phloroglucinol-hydrochloric acid staining
The phloroglucinol-hydrochloric acid reaction was carried out according to the method of Herr (1992) . A tiny amount of agarplate grown or liquid-cultured T87 cells was placed on a slide glass, and one drop of phloroglucinol-hydrochloric acid solution (1% phloroglucinol in 20% calcium chloride solution: hydrochloric acidϭ25 : 4, v/v) was added. The cells were covered with a coverslip, which was then sealed in place with nail varnish to prevent damage to the optical system by hydrochloric acid. Staining of the cells was observed under a microscope.
Thioacidolysis
Thioacidolysis was carried out according to the method of Nakatsubo et al. (2008a) . An aliquot of the thioacidolysis products thus obtained was dissolved in 8 ml of N,Obis(trimethylsilyl)acetamide (BSA), heated for 45 min at 60°C, and 0.8 ml of the BSA solution was injected into the GC-MS.
Nitrobenzene oxidation
Nitrobenzene oxidation was carried out using the microscale nitrobenzene oxidation method as reported previously (Yamamura et al. 2010 
Alkaline hydrolysis
Alkaline hydrolysis was carried out by the method of Allison et al. (2009) with a slight modification. Twenty milligrams of the dried extract-free powder was placed into 2-ml screwcapped tube and 1.5 ml oxygen-free N 2 -degassed 1 M NaOH was added. The tube was sealed under oxygen-free N 2 . Oxygen in the N 2 gas was removed using an oxygen trap (Cat. No. 3,001-17,900, GL Sciences Inc.). The resulting suspension was mixed by vortexing and incubated with gentle shaking at 25°C for 24 h in the dark. After centrifugation (16,100ϫg, 10 min at room temperature), the supernatant was transferred to a new 15-ml polypropylene tube, and 10 ml o-coumaric acid (1 nmol ml
Ϫ1
) was added as an internal standard. The mixture was mixed by inverting, acidified to pH 2 by the addition of 1.2 ml of 2N HCl, and then extracted three times with ethyl acetate (each 3 ml). The combined organic solutions were washed with a saturated aqueous NaCl solution and dried over anhydrous Na 2 SO 4 . Then, the organic solution obtained was evaporated off under high-vacuum and subjected to GC-MS analysis after trimethylsilylation {p-coumaric acid, Yϭ0.285X-0.001, 0.1-15 nmol range; ferulic acid, Yϭ1.998X-0.244, 0.1-15 nmol range; where X represents the amount of p-coumaric acid or ferulic acid (nmol), respectively, and Y represents the ion current ratio of p-coumaric acid/o-coumaric acid (5 nmol), or ferulic acid/o-coumaric acid (1 nmol), respectively}.
Klason Lignin
The Klason method was carried out exactly as described by Schwanninger and Hinterstoisser (2002) .
Acetyl bromide method
The standard analysis procedure for acetyl bromide lignin determination was carried out according to the method of Hatfield et al. (1999) , which is a modification of the Dence method (Dence and Lin 1992a) . The standard protocol was as follows. Briefly, powdered plant sample was placed into a Teflon-lined screw cap tube, then 5 ml freshly prepared acetyl bromide regent [25% (v/v) AcBr in glacial acetic acid] was added, and tubes were capped immediately. The mixture was incubated at 50°C for 6 h, and then transferred with the aid of acetic acid into a 100 ml volumetric flask containing 10 ml 2 M NaOH and 20 ml acetic acid. Hydroxylamine (3.5 ml, 0.5 M) was added, and the solution was diluted to 100 ml with acetic acid. For each sample, the absorption spectrum between 200 and 400 nm and absorption at 280 nm was recorded with a UV-1600PC UV-visible spectrophotometer.
Results and discussion
First, we stained T87 cells with phloroglucinolhydrochloric acid (Herr 1992) for histochemical analysis of lignified tissue. As shown in Figure 1A , B, both agarplate grown and liquid cultured T87 cells showed random staining. This result strongly suggested that the lignification occurred in some T87 cells. Some cells grown in the liquid medium showed coiled thickening, suggesting that they contained tracheary element structures ( Figure 1C) .
The dried extracts-free powders of T87 cells and A. thaliana inflorescence stems were subjected to thioacidolysis to confirm unequivocally the presence of lignin by identifying the phenylpropanoid monomers derived from the b-O-4 substructure (Nakatsubo et al. 2008a) . Then, the dried extracts-free powder of T87 cells was analyzed by nitrobenzene oxidation to characterize the aromatic composition of lignins by determining the ratio of guaiacyl:syringyl:p-hydroxyphenyl groups (Yamamura et al. 2010) . Lignin in the samples was quantified using the Klason and acetyl bromide methods (Dence 1992; Hatfield et al. 1999; Schwanninger and Hinterstoisser 2002) .
As shown in Figure 2 , GC-MS analysis of the thioacidolysis products showed the presence of phenyltrithioethylpropane compounds in the products. These compounds are derived specifically from b-O-4 substructures of lignin polymers, showing unequivocally that lignification occurs in A. thaliana T87 cells. Analysis of the aromatic substitution pattern of the b-O-4 substructure-derived monomers revealed the presence of guaiacyl and p-hydroxyphenyl compounds, which indicated the presence of guiacyl and p-hydroxyphenyl lignins, respectively. In contrast, we detected mainly guaiacyl and syringyl compounds in the thioacidolysis products from the A. thaliana inflorescence stem, while only trace amounts of p-hydroxyphenyl compounds were detected by mass chromatographic analysis. Because of their low abundance, the chromatographic peaks of phydroxyphenyl compounds on the total-ion chromatogram are not observed clearly in Figure 2 .
The aromatic substitution pattern was further confirmed by nitrobenzene oxidation analysis, which reflects not only b-O-4 substructure but also other substructures. Our microscale nitrobenzene oxidation method using stable isotope-labeled internal standards (Yamamura et al. 2010 ) was successfully applied to T87 (Table 1) . These results clearly indicate that the T87 lignin is a guaiacyl and p-hydroxyphenyl lignin, but not a syringyl-type lignin (Figure 3) .
In addition, the T87 lignin had a higher ratio of phydroxybenzoic acids/p-hydroxybenzaldehydes than that from the A. thaliana inflorescence stem in the nitrobenzene oxidation analysis (Table 1 ). This result suggests that the side chains of T87 lignin contains higher amounts of carbonyl structures at benzyl positions than those of lignins in the inflorescence stem, because it was reported that the presence of carbonyl structures at benzyl positions lowers the yield of vanillin and generates an appreciable amount of vanillic acid (Chang and Allan 1971) .
p-Hydroxyphenyl lignin is a typical component of lignins of gramineae plants or grasses (Higuchi et al. 1967a (Higuchi et al. , 1967b Lu and Ralph 1999; Ralph 2004 Ralph , 2010 . The p-hydroxyphenyl nuclei in grasses exist largely as pcoumarate esters, which are esterified to the terminal primary hydroxyl of the propyl side chain of syringyl units (Ralph 2010; Ralph et al. 1994 Ralph et al. , 2004 . As well as p-coumarate, ferulic acid is involved in lignification during cell wall development in grasses. Ferulates in ferulate-polysaccharide esters are incorporated into lignin via the free-radical coupling processes that typically occur during lignification, producing strong lignin-polysaccharide crosslinks (Lu and Ralph 1999) . Ferulic acid and p-coumaric acid can be released from lignins of grasses by alkaline hydrolysis (Ralph et al. 2004 ). For example, 4,460 mg g Ϫ1 dry weight of ferulic acid and 14,070 mg g Ϫ1 dry weight of p-coumaric acid were obtained from Zea mays stalk (Marita et al. 2003) , while only small amounts of ferulic acid and p-coumaric acid (27 and 32 mg g Ϫ1 dry weight) were released from the lignin of A. thaliana inflorescence stems (Derikvand et al. 2008) . In this context, we determined the amounts of ferulic acid and p-coumaric acid in T87 suspensioncultured cells and A. thaliana inflorescence stems. GC-MS analysis of alkaline hydrolysis products showed only small amounts of ferulic acid (31.5 mg g Ϫ1 dry weight) and p-coumaric acid (2.7 mg g Ϫ1 dry weight) in T87 cells ( Table 1 ). The ferulic acid content in T87 cells is similar to the value obtained for A. thaliana inflorescence stems (59.9 mg g Ϫ1 dry weight) in the present study (Table 1 ) and that reported in the literature for A. thaliana stems (27 mg g Ϫ1 dry weight) (Derikvand et al. 2008 ). On the other hand, the p-coumaric acid content in T87 cells is much lower than the value obtained for A. thaliana inflorescence stems (37.8 mg g Ϫ1 dry weight) in the present study (Table 1) and that reported in the literature for A. thaliana stems (32 mg g Ϫ1 dry weight) (Derikvand et al. 2008) . In lignins of grasses, p-coumaric acid is esterified mainly to syringyl units (Lu and Ralph 1999) . Hence, it seems rational to deduce that the lower content of p-coumaric acid in T87 cells is related to the absence of syringyl lignin. In any event, much higher amounts of these acids can be extracted from grasses (Harris and Trethewey 2010; Ralph 2010) , indicating that the lignins in T87 cells differ from those of grasses in terms of their hydroxycinnamate esters content.
The lignin of T87 cells contained less OCH 3 than that of the inflorescence stems. This is consistent with the results of lignin analysis of cultured cells of gymnosperm (Brunow et al. 1990 (Brunow et al. , 1993 Fukuda et al. 1988; Lange et al. 1995) and angiosperm trees (Christiernin et al. 2005; Higuchi and Barnoud 1966; Higuchi et al. 1960; Wolter et al. 1974; Zaprometov et al. 1993) . Normal developmental or constitutive lignins of gymnosperms and angiosperms are composed of guaiacyl and guaiacyl/ syringyl aromatic rings, respectively, while grass lignins contain significant amounts of p-hydroxyphenyl, as well as guaiacyl and syringyl units (Sarkanen and Hergert 1971) . In contrast, Higuchi et al. (1960) found that a callus culture of the angiosperm tree, Paulownia tomentosa, yielded a lignin composed mainly of guaiacyl units with small amounts of syringyl units, indicating that its OCH 3 content was much lower than that of its corresponding woody tissues, although p-hydroxyphenyl units were not detected. Higuchi et al. (1966) , Wolter et al. (1974) , and Christiernin et al. (2005) reported similar results for a number of cultured cell lines of angiosperm tree species including Populus tremuloides and Populus tremulaϫtremuloides. In addition, the lignin in Camellia sinensis cells cultured under heterotrophic conditions contained high levels of p-hydroxyphenyl lignin (Zaprometov et al. 1993) . Similarly, lignins from suspension cultures of the gymnosperm trees, Pinus taeda and Picea abies had lower OCH 3 contents than their corresponding woody tissues (Brunow et al 1990; Fukuda et al. 1988 ). This was ascribed to higher contents of p-hydroxyphenyl units (Brunow et al. 1993; Lange et al. 1995) .
p-Hydroxyphenyl lignins are deposited at the initial stages of cell wall development, mainly into cell corners and compound middle lamellae both in gymnosperm and angiosperm trees (Fukushima and Terashima 1991; Terashima et al. 1998; Terashima and Fukushima 1988) . The methoxyl contents of lignins increase at later developmental stages of cell wall formation in Pinus thumbergii (Terashima and Fukushima 1988) . These observations suggest that the low methoxylation characteristics of lignin in T87 cells might be due to a developmentally regulated phenomenon, which was proposed by Higuchi and Barnoud as early as 1966 (Higuchi and Barnoud 1966; Kärkönen and Koutaniemi 2010) .
It has also been shown that in Japanese radish (Raphanus sativus var. hortensis), p-hydroxyphenyl lignin formed in response to fungal infection (Asada and Matsumoto 1969) . In addition, pumpkin (Cucurbita moschata) produced mainly p-hydroxyphenyl lignin in response to fungal infection, while sweet potato (Ipomoea batatas) and cucumber (Cucumis sativus) produced p-hydroxyphenyl and guaiacyl lignins (Uritani 2001; Uritani et al. 1975) . Chinese cabbage (Brassica rapa ssp. pekinensis) also accumulated a lignin composed of more guaiacyl and p-hydroxyphenyl units when infected by a soft rot fungus, Erwinia carotovora subsp. carotovora (Zhang et al. 2007 ). On the other hand, wheat (Triticum aestivum), a monocotyledonous plant, produced syringyl-rich, but not p-hydroxyphenyl, lignin in response to a stem rust fungus (Puccinia graminis f. sp. tritici) (Menden et al. 2007) . However, it is particularly relevant to compare our data from T87 cells with those obtained from dicot plants, especially Japanese radish and Chinese cabbage, which like Arabidopsis, belong to the Brassicaceae family.
Cultured plant cells are subjected to hydrodynamic stress as a result of aeration and agitation of the cultures. Thus, stress reactions may have been induced in the T87 cells used in the present study. In fact, some pathogeninteraction related genes are upregulated in T87 cells compared with A. thaliana leaves, as indicated in the KEGG data base (Hideyuki Suzuki et al. unpublished data; Tokimatsu et al. 2005) . Taken together, although it is still unclear whether aeration and agitation induce expression of genes that are involved in the regulation of the cinnamate/monolignol pathway, which gives rise to lignin synthesis in T87 cells, it is possible that phydroxyphenyl lignin formation in T87 cells represents a stress response.
Having the qualitative data in hand, we measured lignin content of T87 cells. We used the acetyl bromide method to determine lignin content of T87 cells, because this method is convenient and requires small amounts of samples. First, we used the standard protocol (Dence and Lin 1992) to determine lignin content of T87 cells that were harvested at 21 days after subculturing, followed by successive extraction with hot methanol and hexane. However, the analytical values obtained fluctuated each time (data not shown), and therefore, we used another protocol optimized for herbaceous plants (Hatfield et al. 1999) . However, fluctuations of the data were still observed (data not shown), and so we modified the method to extract dried T87 cells with distilled water after hot methanol and hexane extraction. This modified method yielded reproducible results. We examined the effects of various reaction conditions, including reaction temperature, perchloric acid concentration, and reaction period. We determined lignin content to be 9.52 Ϯ 0.19% when the reaction was conducted at 50°C for 6 h without perchloric acid. The lignin content was determined to be 17.10 Ϯ 0.08% when the reaction was conducted at 70°C for 6 h without perchloric acid.
We also determined lignin contents of T87 cells (21 days) by Klason method (Schwanninger and Hinterstoisser 2002) . Klason (acid-insoluble) and acid-soluble lignins in the extracts-free powders of T87 cells were determined as 11.33 Ϯ 1.11% and 6.42 Ϯ 0.16%, respectively, and thus the total lignin content that is the summation of Klason and acid-soluble lignins was calculated as 17.75 Ϯ 1.26%. The values of the acid-insoluble and the total lignin coincided with the lignin contents determined by the acetyl bromide method with reaction temperatures of 50°C and 70°C, respectively. However, Hatfield et al. (1999) reported that the acetyl bromide reaction conducted at 70°C caused undesirable degradation of xylan, giving higher lignin content, while this degradation did not occur at 50°C. Therefore, we used the reaction temperature of 50°C for measurement of lignin contents of T87 cells during 21 days of culture (Figure 4) .
The lignin contents (% of dry weight) and growth curve of T87 suspension-cultured cells are shown in Figure 4A , while total lignin amounts of T87 cells in 200 ml medium in one flask are shown in Figure 4B . As shown in Figure 4A , the lignin content decreased from approximately 5 to 9 days after subculturing, and then increased. This pattern of lignin accumulation reflects rapid cell growth with less lignin biosynthesis at initial stages of rapid cell growth (up to 9 days after subculturing), and then activation of lignin biosynthesis at the latter stage of rapid cell growth (from 9 days after subculturing). The fresh weight of T87 suspensioncultured cells decreased from 14 days after subculturing, suggesting that some of the cultured cells may have died at this point and their cell contents were released into the medium.
In the present study, syringyl lignin was not detected in T87 cells (Table 1, Figures 2, 3) . This is consistent with the fact that fiber cells were not observed in the cells (Figure 1 ), because fiber cell lignins are composed of guaiacyl and syringyl units. This suggests that T87 cells might be useful for identification of genes involved in fiber cell differentiation and genes that control syringyl lignin biosynthesis.
In this study, we showed for the first time that T87 cells contain lignin consisting of guaiacyl and phydroxyphenyl units. We did not detect syringyl lignin in T87 cells, which contrasts with the case in A. thaliana stems, in which the lignins are composed mainly of guaiacyl and syringyl lignins, with trace amounts of phydroxyphenyl lignin.
We successfully used the microscale nitrobenzene oxidation method (Yamamura et al. 2010) to analyze T87 cells and optimized the acetylbromide method for analyses of these cells. Together, the present study establishes a platform for microscale lignin analysis in T87 cells. This will be useful for studies on metabolic control of phenylpropanoid metabolism, including lignin biosynthesis.
